It is largely accepted that neurogenesis in the adult brain decreases with age and reduced levels of local neurotrophic support is speculated to be a contributing factor. Among neurotrophic factors involved on neurogenesis, we focused our attention on the neurotrophic system fibroblast growth factor-2 (FGF-2) and its receptor FGFR1, a potent modulator of precursor cell proliferation. In the present work, we aimed to analyse if potential age-dependent changes of the FGF-2/FGFR1 neurotrophic system may give account for the age-dependent decline of precursor cell proliferation in the neurogenic region of the subventricular zone (SVZ) in the rat brain. Using in situ hybridization and western blotting procedures we examined FGF-2 and FGFR1 expression levels in the SVZ of 20-month-old rats as compared to young adult 3-month-old rats. The results showed that during aging the FGF-2 and its receptor expression levels, both as mRNA and protein, were unchanged in the SVZ. The levels of phosphorylated FGFR1 form did not show significant variations suggesting that also the level of receptor activation does not change during aging.
Introduction
There are two active germinal zones in the adult brain that continue to generate neurons throughout adult life: the subventricular zone (SVZ) of the lateral ventricles and the subgranular zone of the dentate gyrus of the hippocampus (Abrous et al., 2005; Doetsch et al., 1999; Zhao et al., 2008) . It is largely accepted that the proliferation rate of progenitor/precursor cells and neuroblast numbers or ratio of cells differentiating into neurons decrease with age (Belluardo et al., 2008; Cameron and McKay, 1999; Hattiangady and Shetty, 2008; Jin et al., 2003; Maslov et al., 2004; Rao et al., 2006; Tropepe et al., 1997 ). The precise reasons for age-related reductions in neuronal precursor cell proliferation are not yet clear, but reduced levels of trophic support is speculated to be a contributing factor (Hallbergson et al., 2003) . Among neurotrophic factors potentially involved on aged-dependent decline of progenitor/precursor cell proliferation we focused our attention on the neurotrophic system of fibroblast growth factor-2 (FGF-2) and its receptor FGFR1, that has been extensively studied and found to be a potent modulator of adult neuronal progenitor/precursor cells proliferation and differentiation in the SVZ (Mudo et al., 2007; Ohkubo et al., 2004; Wagner et al., 1999; Yoshimura et al., 2001) . In apparent support of FGF-2 involvement in aged-dependent decline of progenitor/ precursor cells proliferation, it has been reported that intracerebroventricular infusion of FGF2 restores progenitor/precursor cells proliferation in aged brain to levels found in young adult brain (Jin et al., 2003) . Previously, we reported that in the SVZ of old rats an age-dependent decline of precursor cells proliferation can be restored to levels found in young adult rats by enhancing FGF-2 with acute-intermittent nicotine treatment (Belluardo et al., 2008) . However, there are no available data on agedependent change of FGF-2/FGFR1 neurotrophic system expression levels and on its basal activation in the SVZ of rat brain. In this work, as an extension of two previous studies on the role of the FGF-2/FGFR1 neurotrophic system in precursor cells proliferation both in the adult and old rat brain (Belluardo et al., 2008; Mudo et al., 2007) , we aimed to investigate if age related changes of FGF-2/FGFR1 neurotrophic system expression levels or FGFR1 basal activation may give account for the age-related decline of precursor cell proliferation in the SVZ neurogenic region of rat brain. To this end, we first analysed, by in situ hybridization and western blotting procedures, the FGF-2/FGFR1 neurotrophic system expression levels in the SVZ of 20 month old rats as compared to 3 month old rats. Subsequently, we examined the FGFR1 basal activation by evaluating the levels of FGFR1 autophoshorylation (pFGFR1), and phosphorylation of two related intracellular signaling proteins, the canonical extracellular signal-regulated kinase, Erk1/2 (pErk1/2) and phospholipase-Cγ1 (pPLCγ1) (Mohammadi et al., 1992; Schlessinger, 2000) .
Results

FGF-2 and FGFR-1 mRNA expression levels
Using in situ hybridization, both FGF-2 and FGFR1 mRNAs were found expressed at relatively high levels in the SVZ of the lateral ventricle (Fig. 1) . The densitometric analysis revealed no changes of FGF-2 and FGFR1 mRNA expression levels in the SVZ of old rats as compared to young adult rats (P = 0.91 and P = 0.83 respectively; Fig. 1 ).
FGF-2 protein levels
Dissected tissue from SVZ of the lateral ventricle showed immunoreactive bands corresponding to FGF-2 isoforms with molecular weights of 18, 21, 22 kDa. As reported in Fig. 2 , in old rats the FGF-2 levels did not show significant variations as compared to those of young adult rats (18 kDa, P = 0.88; 21 kDa, P = 0.50; 22 kDa, P = 0.31).
FGFR1, Erk1/2, and PLCγ1 phosphorylation levels
In order to evaluate the basal level of FGFR1 activation during aging we quantified the levels of the autophosphorylated form of FGFR1 (p-FGFR1). Using immunoprecipitation procedure and subsequent detection of total tyrosine kinase activity with antityrosine kinase antibodies, we performed a quantification of the pFGFR1 levels in the SVZ. As reported in Fig. 3 the levels of p-FGFR1 did not show significant variation (P = 0.72), suggesting that during aging the basal receptor activation does not change in the SVZ. No significant modification was also observed in the relative FGFR1 protein levels evaluated by quantification of western blot data shown in Fig. 3 (young, 1.2 ± 0.24; old, 1.3 ± 0.14; P = 0.54) and obtained by immunoprecipitation of the same amount of total proteins (150 μg). Previous studies (Mohammadi et al., 1992; Schlessinger, 2000) have identified for FGFR1 two key intracellular signaling pathways, Erk1/2 and PLCγ1 pathways, that regulate distinct aspects of adult neuronal stem cells in response to FGF-2. Therefore, we examined the ERK1/2 and PLCγ1 phosphorylation levels and found them to be not modified during aging (P = 0.98 and P = 0.50, respectively) ( Fig. 3 ).
Proliferating self-renewing progenitor cells number
It has been reported that in the SVZ the progenitor cells are selfrenewing cells (B-cells), and therefore, when labeled with bromodeoxyuridine (BrdU), they can be found in the SVZ even several weeks after BrdU injection. In contrast, BrdU-labeled cells of differentiating precursor cells (A-cells), which are generated by rapidly proliferating transiently amplifying cells (C-cells), migrate within 3 weeks toward the migratory stream depopulating the SVZ. Since FGFR1 was found expressed both in B cells and in C cells (Belluardo et al., 2008; Frinchi et al., 2008; Mudo et al., 2007) , and the declined neurogenesis during aging has been also attributed to a reduced number or proliferation rate of progenitor cells (Jin et al., 2003; Luo et al., 2006; Maslov et al., 2004) , we decided to evaluate the proliferating selfrenewing progenitor cell number in the SVZ. Rats were treated intraperitoneally for three times (at 0, 12, 24 h) with 80 mg/kg i.p. of BrdU and were sacrificed after 21 days, in order to evaluate the BrdU-labeled cells left in the SVZ after depopulation of BrdU labeled cells migrating in the olfactory bulbs. The number of these BrdU-positive cells in the SVZ of aged rats was found similar to that of young rats (P = 0.80) ( Fig. 4 ), suggesting that reduced proliferation of progenitor cells does not account for the decline of SVZ neurogenesis during aging.
Discussion
The SVZ consists of a thin layer of cells in active proliferation throughout adulthood, covering the walls of the lateral ventricles (Abrous et al., 2005; Doetsch et al., 1999; Garcia-Verdugo et al., 1998; Zhao et al., 2008) . The analysis of precursor cell types in the adult SVZ showed a multiciliated ependymal cells (type E) in direct contact with the lumen of the ventricle, and a special population of astrocytes (B-cells) in close contact with the ependyma, labeled by nestin, GFAP, and vimentin and considered to be neuronal stem cells. Besides symmetric divisions, Bcells generate actively proliferating cells or "transient amplifying progenitors" (C-cells). C-cells give rise to a third type of precursors (A-cells) that migrate through the rostral migratory stream toward the olfactory bulb, where they differentiate mainly into neuronal cells in the granular and periglomerular layers. Research, in vitro and in vivo, has produced a substantial body of knowledge showing that progenitor and precursor cells in the germinal zones of adult brain require growth factors for cell proliferation and differentiation (Abrous et al., 2005; Chen et al., 2007; Craig et al., 1996; Kuhn et al., 1997) . The FGF2/FGFR1 neurotrophic system has been extensively studied and found to be a potent modulator of adult neuronal progenitor/precursor cells proliferation and differentiation in the SVZ (Mudo et al., 2007; Ohkubo et al., 2004; Wagner et al., 1999; Yoshimura et al., 2001) . FGF2 has been implicated in the control of adult neurogenesis based on effects on maintenance, proliferation and fate of adult multipotent neural progenitor (Gritti et al., 1999; Richards et al., 1992; Zheng et al., 2004) , and infusion or induction of FGF2 in the adult rat lateral ventricle increased proliferating cells in the SVZ with a subsequent increase in the number of neurons migrating from the SVZ to the olfactory bulb (Belluardo et al., 2008; Chen et al., 2007; Jin et al., 2003; Kuhn et al., 1997) . Our group has contributed by showing that FGF2 and its receptor are expressed in neurogenic regions with FGF-2 localized in GFAP-positive cells, and that FGFR1 is expressed both in proliferating precursor nestin-positive cells of the SVZ (Mudo et al., 2007) and in self-renewing cells or stem cells . Functionally, FGFR1 may enhance proliferation of progenitor cells after nicotine treatment inducing upregulation of FGF2 (Belluardo et al., 2008; Mudo et al., 2007) . Giving the role of neurotrophic factors in neurogenesis, the age-dependent decline of progenitor or precursor cells proliferation (Belluardo et al., 2008; Cameron and McKay, 1999; Hattiangady and Shetty, 2008; Jin et al., 2003; Maslov et al., 2004; Rao et al., 2006; Tropepe et al., 1997) has been attributed to reduced levels of trophic support (Hallbergson et al., 2003) . Previously, we have examined the potential involvement of the neurotrophic factor system FGF-2/FGFR1 in aging decline of precursor cell proliferation, and we could show that both FGF2 and FGFR1 expression levels do not change during aging. This result excludes that reduced levels FGF2/FGFR1 trophic system could be involved in the decline of progenitor/ precursor cells proliferation in aging.
Basically, FGF2 binding to FGFR1, which is facilitated by heparin or heparan sulfate proteoglycan, induces receptor dimerization, and activation of the intracellular tyrosine kinase domain by autophosphorylation of tyrosines. In the present study we examined the levels of phosphorylated FGFR1 and we could show that basal FGFR1 autophosphorylation levels in the SVZ do not change during aging. It is known that FGFR1 autophosphorylation is followed by activation of downstream signaling cascades that include Ras-MAPK/Erk1/2, PLC-PKC, PI3K-Akt, and p38 MAPK pathways (Boilly et al., 2000; Eswarakumar et al., 2005; Raffioni et al., 1999) , which participate in the regulation of diverse processes, such as cell growth and differentiation, cell metabolism, and cell survival (Eswarakumar et al., 2005) . Among these intracellular signaling pathways, Erk1/2 and PLCγ1 have been identified as distinct regulators of adult neuronal stem cell self-renewal in response to FGF-2. Erk1/2 pathway mediates both the proliferation and anti-neuronal differentiation effects of FGF-2, whereas PLCγ1 maintains the adult neuronal stem cells characteristics and developmental potentials of adult neuronal stem cells for neuronal and oligodendroglial differentiation (Mohammadi et al., 1992; Schlessinger, 2000) . In our work, we also provided evidence that Erk1/2 and PLCγ1 cell signaling linked to FGFR1 autophosphorylation do not change their activation levels in the SVZ during aging.
Additionally, since it has been reported that progenitor cells decrease with age, as do transitory amplifying progenitor cells, while both SVZ astrocytes and adjacent ependymal cells remain relatively constant (Luo et al., 2006) , we also investigated the proliferation level of self-renewing progenitor cells. These cells, as above mentioned, express FGFR1, and we found that apparently they do not show significant changes, at least in their ability to proliferate.
Taken together the present results indicate that the FGF-2/ FGFR1 trophic system expression level, and its basal activation in the SVZ of aged rats, do not account for the age-dependent decline of precursor cell proliferation in the rat brain.
4.
Experimental procedures
Animals
The study was performed in young adult (3 months old) and aged (20 months old) male Wistar rats obtained from our animal facility. The rats were housed under alternating 12 h periods of light and darkness in a temperature (24 ± 2°C) and humidity-controlled room. Thromb. Haemost. 58, 1078 -1084 ,1987 . All efforts were made to minimize the number of animals used and all experiments were approved by the local ethical committee.
Preparation and labeling of riboprobes
The preparation of FGF-2 and its receptor FGFR-1 probes was carried out as previously reported (Belluardo et al., 2004) . The FGFR-1 cRNA probe was prepared from a 220-bp-long cDNA fragment cloned into the Sma site of pBluescript KS1 (Stratagene, San Diego, CA, USA), encoding the leader sequence and entering 24 nucleotides into the first immunoglobulin-like domain of the gene sequence reported by (Safran et al., 1990) . The plasmid was linearized with PstI and used as a template for T7 RNA polymerase to generate the antisense probe or was linearized with BamHI and transcribed with T3 RNA polymerase to generate the sense probe.
For the in situ hybridization study of FGF-2 mRNA expression, a SmaI/XhoI fragment from a rat FGF-2 cDNA clone which includes most of the coding regions for the mature FGF-2 peptide, was subcloned into the vector Bluescript/SK + (Stratagene). Sense and antisense RNA sequences were transcribed from the linearized FGF-2/Bluescript subclone using T7 and T3 RNA polymerases to generate the antisense and sense probes, respectively.
In situ hybridization
For the in situ hybridization, serial sagittal cryostat sections (14 μm) were prepared using for all rats the left part of brain at lateral 2.60-2.10 mm level, based on the use of the atlas of Paxinos and Watson (1998) . For this investigation four young adult and four old rat brains were used. The in situ hybridization procedure was performed to examine the expression of FGF-2 and its receptor FGFR-1 mRNAs in the SVZ. Rats were killed under deep anesthesia and following perfusion with 300 ml of phosphate buffer (PB) brain was rapidly frozen in cooled isopentane and stored at −70°C until use. Tissue sections were processed for in situ hybridization as previously described by (Belluardo et al., 2005) . Following fixation in 4% paraformaldehyde for 15 min, slides were rinsed twice in phosphatebuffered saline (PBS) and once in distilled water. Tissue was deproteinated in 0.2 M HCl for 10 min, acetylated with 0.25% acetic anhydride in 0.1 M ethanolamine for 20 min, and dehydrated with increasing concentrations of ethanol. Slides were incubated for 16 h in a humidified chamber at 52°C with 8×10 5 cpm probe in 70 μl hybridization cocktail (50% formamide, 20 mM Tris-HCl pH 7.6, 1 mM EDTA pH 8.0, 0.3 M NaCl, 0.1 M dithiothreitol, 0.5 μg/ml yeast tRNA, 0.1 μg/ml poly-A-RNA, 1× Denhardt's solution, and 10% dextran sulfate), washed twice in 1× SSC (1× SSC = 150 mM NaCl, 15 mM sodium citrate, pH 7.0) at 62°C for 15 min, and then in formamide:SSC (1:1) at 62°C for 30 min. After an additional wash in 1× SSC at 62°C, singlestranded RNA was digested by RNAse treatment (10 μg/ml) for 30 min at 37°C in 0.5 M NaCl, 20 mM Tris-HCl pH 7.5, 2 mM EDTA. Slides were washed twice with 1× SSC at 62°C for 30 min before dehydration in ethanol and air-drying. For cell localization of mRNA, hybridized sections were coated with Emulsion Type NTB (Kodak, Rochester, NY, USA, cat. num.8895666) diluted in water (1:1) and stored in desiccated light-tight boxes at 4°C for 4 weeks. Slides were developed with D19 (Eastman-Kodak), fixed with Al-4 (Agfa Gevaert, Kista, Sweden), and counterstained with Cresyl Violet. A control of the hybridization specificity of the cRNA riboprobes was performed by using sense 35 S-labeled riboprobes. Semiquantitative data on mRNA levels of FGF-2 or FGFR1 in the SVZ were obtained by measuring the optical density of the labeling on the film autoradiograms using a PC version of the NIH Image software (http://rsb.info.nih.gov/ nih-image).
4.4.
Western blotting SVZ of both sides for each brain of four young adult and four old rats was rapidly dissected under stereomicroscopy as follow described. A thick brain coronal section, including the lateral ventricle, was made using a brain slicer (B−0.80 to B+1.70 mm (Paxinos and Watson, 1998) , and all the corresponding SVZ area was exposed and scraped with a small knife. The tissue scraped was frozen and subsequently processed for Western blotting analysis. The tissue was homogenized in cold buffer containing 320 mM sucrose, 2 mM EDTA pH 7.5, protease inhibitor cocktail (Sigma-Aldrich, cat. num P8340), phosphatase inhibitor cocktail 2 (Sigma-Aldrich, cat. num P5726). The homogenate was left on ice for 30 min and then centrifuged at 10,000g for 15 min at 4°C. The supernatant was collected and stored at −20°C and an aliquot taken for protein determination by the method of Lowry et al. (1951) . The supernatant samples (50 μg per lane) and molecular weight biotinylated markers (RPN2107, GE Healthcare Europe GmbH, Milan Italy), were run on 10% or 6% , for FGF2 and for pERK1/2 and pPLCγ 1 respectively, polyacrylamide gel at 100 V and electrophoretically transferred onto nitrocellulose membrane (RPN303E, Hybond-C-extra, GE Healthcare Europe GmbH, Milan Italy). Following 1 h of incubation with 5% nonfat milk, the membrane was incubated overnight at +4°C with rabbit anti-FGF-2 polyclonal antibody (sc-79, Santa Cruz Biotechnology) used at a dilution of 1:1000, or rabbit anti-Phospho-p44/42 (ERK1/2) (Thr202/Tyr204) antibody (#9101 Cell Signaling) diluted 1:1000, or Phospho-PLCγ1 (Tyr783) antibody (#2821 Cell signaling) diluted 1:1000. The pellet was resuspended in RIPA buffer, left on ice for 30 min. and then an aliquot taken for protein determination by the method of Lowry et al. (1951) In order to determine if the antibody anti-phosphotyrosin binds phosphorylated FGFR1 protein, sister membrane with representative samples were incubated over night at 37°C in NEBuffer 1× (NaCl 100 mM, Tris-HCl 50 mM, MgCl 2 10 mM, dithiothreitol 1 mM, pH 7.9) with or without 1% calf intestinal alkaline phosphatase (CIP, cat.# M0290S, New England Biolabs, Beverly, MA, USA). After this incubation membranes were processed for pFGFR1 detection. Immuno-complexes were visualized with chemiluminescence reagent (RPN2108, GE Healthcare Europe GmbH, Milan Italy) according to the manufacturer's instructions. The Hyperfilm ECL-films 28906837, GE Healthcare Europe GmbH, Milan Italy) were developed using Kodak developer and fixer (catalog No. 1900984 and 1902485, Kodak GBX, Eastman Kodak) ., and the densitometric evaluation of bands was performed by measuring the optical density (O.D.) using the ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih. gov/ij/, 1997-2009).
4.5.
BrdU immunolabeling and evaluation of BrdU-positive cells Four young adult and four old rats were injected intraperitoneally (i.p.) with 80 mg/kg of bromodeoxyuridine (BrdU) (B5002, Sigma-Aldrich Co., St. Louis, MO) three times at 0, 12 and 24 h respectively, and were killed after 21 days in order to evaluate the BrdU-labeled cells. At the scheduled time-point rats under deep anesthesia with chloral hydrate (60 mg/kg i.p; Merck) were transcardially perfused with phosphate buffer (PB) for 5 min. Brains were rapidly frozen in cooled isopentane and stored at −70°C until use. Brains were processed for BrdU immunohistochemistry as described in Mudo et al. (Mudo et al., 2007) . The number of BrdU labeled cells was estimated by counts made on systematic sampling of brain sections (total of 10 sections of 14 mm), every third section, along the lateromedial axis of left brain at lateral ventricle level (lateral 2.30-1.80 mm), according to the atlas of Paxinos and Watson (1998) BrdU-positive cells were counted along the entire lateral wall of the lateral ventricle for SVZ. All the counts were carried out in a double blind manner, by mean of both optical counts and counts via the computerized image analysis software (IAS-Counter, Delta-Sistemi, Roma, Italy). Optical counts were performed using a Leica microscope and 100× magnification. Computerized image analysis was performed using software coupled to a Leica microscope equipped with digital video camera. Both count procedures produced comparable results and therefore we reported those obtained by optical count. Although, the count of BrdU positive cells was based on sampled brain sections that covered almost all the SVZ of left part of brain, we do not report the absolute number of proliferating cells in the entire extension of SVZ of the lateral ventricle. Details on the numerical density of BrdU labeled cells calculation are described in Mudò et al. (2007) .
Statistical analysis
All data were analyzed in Prism 4 software (Graph-Pad, San Diego, CA), using t-test analysis, and P < 0.05 was considered to be significant. Data are presented as mean ± SEM from at least three independent experiments performed in triplicate (n = 8-12, per comparison).
